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(54) Penta-layer battery separator 

(57) This invention provides a battery separator of 
improved resistance to splitting and puncture strength 
having five microporous membranes laminated 
together. The first, third, and fifth membranes are 
strength layers, and preferably are polypropylene. The 
second and fourth layers are shutdown layers, and pref- 
erably are polyethylene. The present invention is based 
on the discovery that a penta-layer separator having a 
construction of polypropylene-polyethylene-polypropyl- 
ene-polyethylene-polypropylene has much greater 
resistance to splitting than a trilayer separator having a 
polypropylene-polyethylene-polypropylene construc- 
tion with the same thickness. 
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Description 

Field of the Invention 

[0001 ] The invention is directed to a penta-layer shutdown battery separator. 
Background of the Invention 

[0002] A battery normally comprises electrodes, electrolyte, and a battery separator. Battery separators are located 
between the anode and cathode in a battery to prevent direct contact between electrodes of opposite polarity and to 
contain electrolyte. 

[0003] In lithium batteries which are increasingly popular, short circuiting is a problem as it tends to cause thermal 
runaway and battery rupture. Thus, shutdown separators have been developed to cope wrth this problem. For example 
see: US Patent No. 4.650 J30 and US Patent No. 4,731 .304. A shutdown battery separator is a microporous membrane 
which closes its pores at some temperature well below the melting and/or ignition point of lithium to minimize the neg- 
ative impact of thermal runaway. 
[0004] In addition to the shutdown function, a microporous shutdown separator should also be thin enough to mini- 
mize the space it occupies in the battery and to reduce electrical resistance. Moreover, the shutdown separator must 
also have sufficient resistance to splitting, and puncture strength. These two attributes are essential during handling or 
20 manufacture. 

[0005] Microporous membranes made of polypropylene generally have higher puncture strength; but, they melt at 
temperatures too near the melting point of lithium. On the other hand, polyethylene membranes generally have low 
melting temperatures but low puncture strength. Thus, trilayer shutdown batteries were developed comprising both 
microporous polypropylene and polyethylene membranes. See: Japanese Patent Application Nos. 98395/1994 and 
98394/1994 both filed May 20. 1994 by Ube Industries. Ltd. (the Ube trilayer separator): U.S. Patent No. 5.691.077 by 
Hoechst Celanese Corporation (the CELGARD® separator); Japanese Patent Application No. 55550/1 995'filed March 
15, 1995 by Nitto Denko Kogyo K.K. (the Nitto Denko trilayer separator); and Japanese Patent Application No 
56320/1995 filed March 15. 1995 by Kureha Chemical Industry Co.. Ltd. (the Kureha trilayer separator). 
[0006] All of foregoing claim trilayer battery separators comprising two layers of microporous polypropylene mem- 
brane sandwiching one layer of microporous polyethylene membrane. In addition, the Ube applications also disclose 
that porous laminate film can be obtained by stretching a laminate film of three or more alternate layers of polypropylene 
and polyethylene. 

[0007] One problem with trilayer battery separators is that they are prone to splitting, i.e. , the tearing of the separator 
during handling or battery manufacture. Split separators are ineffective in preventing thermal runaway. Thus, if the sep- 
arator splits, the battery is defective. In addition, it was observed that when samples of trilayer membranes are punc- 
tured by a needle, the membranes fail starting from the transverse direction, which indicates that the tendency to split 
also reduces the puncture strength of the membrane. Therefore, there is need to increase resistance to splitting in shut- 
down separators. 

40 Summary of the Invention 

[0008] This invention provides a battery separator of improved resistance to splitting and puncture strength having 
five microporous membranes laminated together. The first, third, and fifth membranes are strength layers, and prefera- 
bly are polypropylene. The second and fourth layers are shutdown layers, and preferably are polyethylene. The present 
45 invention is based on the discovery that a penta-layer separator having a construction of polypropylene-polyethylene- 
polypropylene-polyethylene-polypropylene has much greater resistance to splitting than a trilayer separator having a 
polypropylene-polyethyleneiX»lypropylene construction with the same thickness. 

Description of the Figures 

[0009] For the purpose of explaining the invention, there is shown in the drawings various prefen-ed aspects of the 
invention; it being understood, however, that this invention is not limited to the precise an-angements and instrumental- 
ities shown. 

Figure 1 illustrates the construction of the penta-layer battery separator of this invention. 
Figure 2 is a schematic illustration of a deplying and penta-layer formation setup. 
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Figure 3 shows the oven string -up for co-bonding and co-annealing the penta-layer precursor. 
Figure 4 illustrates the oven string-up for stretching the co-bonded and co-annealed penta-layer precursor. 
Description of the Invention 

[001 0] The present invention shall be described in further detail below by way of the following detailed description and 
the non-limiting examples. 

[0011] A battery is an electrochemical device that generates electric current by converting chemical energy to elec- 
trical energy. Its essential components are; positive and negative electrodes made of more or less electrically conduc- 
tive materials; a separator; and an electrolyte. Batteries may be either primary (non-reversible or disposable) or 
secondary (reversible or rechargeable). The electrolyte may be aqueous or non-aqueous. Batteries are typically either 
spiral wound or prismatical (rectangular). These shapes are indicative of their method of manufacture. In the present 
invention, the preferred battery is lithium battery The most preferred battery is a lithium Ion secondary battery. 
[001 2] Figure 1 illustrates a preferred embodiment of shutdown battery separator 1 0 which comprises a microporous 
film for use in electrochemical cells, e.g., batteries, particularly rechargeable batteries, such as lithium batteries. This 
penta-layer separator has five microporous membranes stacked together. The first (12), third (16) and fifth (20) mem- 
branes, i.e., the two outer layers and the center layer, are strength layers. The second (14) and fourth (18) membranes 
are shutdown layers. The shutdown layers are capable of melting and filling the pores at a temperature (shutdown tem- 
perature) substantially below the melting point of the strength layers. Thus, when the micropores collapse at the shut- 
down temperature, the strength layers retain substantially their elastic energy and thus maintain the integrity of the 
separator in the event of short circuit and prevent the ion flow between the electrodes. 

[001 3] The strength layers can be composed of. for example, a polyolef in such as polypropylene or a blend comprising 
substantially polypropylene or copolymer of polypropylene. An exemplary polypropylene is Fina PP 3271 resin commer- 
cially available from Fina Oil and Chemical Company, Dallas TX. The shutdown layers can be composed of polyethyl- 
ene or a blend comprising substantially polyethylene or a copolymer comprising substantially polyethylene. An 
exemplary polyethylene Is Fina HDPE 7208 resin commercially available from Fina Oil and Chemical Company, Dallas 
TX. Thus, the preferred embodiment of the invention has a polypropylene-polyetiiylene-polypropylene-polyethylene- 
polypropylene construction. The separator has a thickness of less than 2 mils (about 50 microns) preferably less than 
about 1 .7 mil (about 42 microns) and more preferably has a thickness of less than about 1 mil (about 25 microns). The 
permeability of the separator, as measured by Guriey, is less than about 50 seconds, and preferably less than about 40 
seconds. The puncture strength of the separator is more than about 470 grams-force (gf), preferably more than 500 gf. 
[0014] The penta-layer battery s^arator in accordance with the present invention has improved puncture strength 
and resistance to splitting. For example, a 1 mil thick trilayer separator of polypropytene-polyethylene-polypropylene 
construction prepared by laminating PP and PE CELGARD® membranes has a puncture strength of about 450 gf. Sur- 
prisingly, a 1 mil penta-layer separator in accordance with the present invention has a puncture strength of about 520 
gf, which is about 15% higher than a polypropylene-polyethylene-polyprcpylene separator with the same thickness of 1 
mil. As is known to a person skilled in the art, it is important to have thin separators, so that the electrical resistance 
across the separator, as well as, the size of tiie tattery, may be reduced. Therefore, this invention, by increasing resist- 
ance to splitting witiiout sacrificing the thinness, has great significance to battery separator manufacture. 
[0015] The penta-layer separator of this invention can be made using any of the various methods generally known in 
the art for making microporous films or shutdown battery separators. The strength layers and the shutdown layers can 
be co-extruded or exti^uded separately. They can be bonded and annealed together before being converted to porous 
sti-ucture. Individual membranes can also be made porous and subsa^uentiy bonded and annealed into the penta-layer 
separator of this invention. The individual membranes may also be crossplied (i.e., see, U.S. Patent No. 5,667,911 
incorporated herein by reference). 

[0016] In the case of s^arate extrusion, preferably, a penta-layer separator is made in the following steps: extruding 
a non-porous strength layer precursor; extruding a non-porous shutdown layer precursor; forming a non-porous penta- 
layer precursor; bonding the penta-layer precursor; annealing the penta-layer precursor; and stretching tiie bonded and 
annealed, non-porous penta-layer precursor to form the microporous penta-layer shutdown separator. 
[0017] The methods for extruding non-porous precursor layers, which are thicker than the membranes in this inven- 
tion, are disclosed in, by way of non-limiting example, U.S. Patent Nos.: 3.426,754; 3.558, 764; 3,679,538; 3,801,404; 
3,801.692; 3.843.761; 3,853,601 ; 4.138,459; 4.539.256; 4,726,989; 4.994,335. and 5,691,077 each of which is incor- 
porated herein by reference. In tiie preferred extrusion methods in the present invention: (1) a 40 mil die gap in, e.g.. a 
27" width die is used for making tiie polypropylene and polyethylene precursors of the less tiian 1-mil penta-layer, 
whereas a 70 mil die gap is used for the precursors of thicker penta-layers; (2) a die temperature for extruding the poly- 
propylene precursor is in tiie range of 224"C (for 0.37 mil polypropylene precursor) to 234°C (for 0.24 mil polypropylene 
precursor); (3) the die temperature for polyetiiylene precursors is in tiie range of 200°C (for 0.38 mil precursor) to 210**C 
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(for 0,22 precursor): (4) the barrel temperature is in the range of 200*»C (for polyethylene) to 210**C (for polypropylene). 
[0018] The penta-layer precursor may be formed as shown in scheme 10 of Figure 2. The polypropylene precursors 
24 are unwound from unwind stations 12 and 16. The polyethylene precursors 26 are unwound from unwind station 14. 
Two plies are suppllaJ from each roll supported by an unwind station. Guide rollers 22 are used to assist in deplying the 
5 precursors. Only one ply supplied by the unwind station 16 is used in the formation of the penta-layer precursor. The 
other ply is rewound onto the roll supported by rewind station 18. The penta-layer precursor 20 is fonwarded to the next 
processing operation (not shown). 

[0019] After the extrusion, the non-porous films may be bonded and annealed before stretching. Co-bonding and co- 
annealing of the trilayer precursor may be performed in a multizone oven 40 of Figure 3, in which each zone is capable 

10 of maintaining a distinct temperature. Bonding is for joining together the single layers in the polypropylene-polyethylene- 
polypropylene-polyethylene-polypropylene precursors. Bonding may be performed at a temperature ranging from 125- 
laS'^C between nip rollers 50. Preferably, bonding is performed at a temperature ranging from 128-130°a The anneal- 
ing step is used to form crystal structures in the polymers to facilitate pore formation in the later stretching step. Anneal- 
ing is influenced by temperature and time. Annealing of the penta-layer precursor should be performed at temperatures 

15 ranging from 1 05-1 35**C, preferably from about 110-1 30°C. 

[0020] Following the bonding and annealing steps, the penta-layer precursor is stretched a multizone oven 40 of Fig- 
ure 4. Stretching the bonded and annealed penta-layer precursor causes the formation of micropores in the structure 
of the separator precursors. Stretching can include several steps, e.g.. a cold drawing step, a hot drawing step, and a 
relax or heat-treating step. The relax or heat-treating step is to reduce internal stress within the separator and may be 

20 accomplished with either negative draw ratio or substantially no draw tension at various heat profiles. Stretching can be 
a continuous process performed in ovens containing draw frame. 

[0021 ] The cold drawing step can be conducted at ambient temperature and at a draw ratio in the range of 1 0-40%. 
preferably 15-25%. The hot drawing step can be conducted at temperatures ranging from 1 10-125*»C. preferably 115- 
123°C, and at draw ratios ranging from 105-130%. preferably 1 10-125%. The relax or heat-treating st^ is conducted 
25 at temperatures ranging from 1 10-125**C and at a draw ratio in the range of -15% to -50%. preferably 1 15-123**C and 
at a draw ratio in the range of -20 to -40%. 

[0022] After stretching, the penta-layer battery separators are slit to desired widths and wound up into rolls. 

[0023] Alternatively, the penta-layer battery separator of this invention can be made by other methods generally 

known in the art for making two or three-layer shutdown battery separators with necessary modifications. The modrf i- 

30 cations needed should be apparent to a person skilled in the art in view of the method detailed above. Examples of suit- 
able methods include, but not limited to: (1 ) co-stretching the bonded and annealed non-porous films that are separately 
extruded; (2) forming porous precursors before bonding them into penta-layer s^arators: and (3) stretching a co- 
extruded penta-layer precursor. These methods are disclosed in the following patents and patent applications and are 
incorporated herein by reference: US. Pat. Nos.: 4.650.730; 4.471,304; 5,240,655; 5,281.491; 5.667,911; 5,565,281; 

35 Japanese Applications JP 98394/1 994; 98395/1 994; 7-56320; and UK Application GB 229881 7. 

[0024] In addition, cross-plied penta-layer microporous membranes comprising first, thircl and fifth microporous poly- 
propylene membranes and second and forth microporous polyethylene membranes may also be made by cross-ply 
laminating the microporous membranes such that at least one layer is angularly oriented relative to at least another 
layer. Methods of making cross-ply microporous battery separator are disclosed in U.S. Patent No. 5,667,91 1 . which is 

40 irrcorporated herein by reference. 

[0025] The invention is further illustrated with reference to the examples set forth below. In the examples, the following 
methods are employed to for testing: 



Test Methods 
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[0026] 



Gurley 



ASTM-D726(B) 

Gurley is a resistance to air flow measured time in seconds required to pass lOcc of air through 
one square inch of product under a pressure 12.2 inches of water. 
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Thickness 



T411om-83 developed under the auspices of the Technical Association of the Pulp and Paper 
Industry. Thickness is determined using a precision micrometer with a 1/2 inch diameter, circular 
shoe contacting the sample at seven (7) PSI. Ten (10) individual micrometer readings taken 
across the width of the sample are averaged. 
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Porosity 



ASTM D-2873 
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Puncture Strength Ten measurements are made across the width of the stretched product and averaged. A Mitech 
Stevens LFRA Texture Analyzer is used. The needle is 1 .65 mm in diameter with 0.5 mm radius. 
The rate of descent is 2 mm/sec and the amount of deflection is 6 mm. The film is held tight in the 
clamping device with a central hole of 11 .3 mm. The displacement (in mm) of the film that was 
pierced by the needle was recorded against the resistance force (in gram force) developed by the 
tested film. The maximum resistance force is the puncture strength. 

Peel Strength Peel strength is measured using a tension and compression tester to determine the force in grams 
required to separate two one-inch wide sections of bonded membrane. The peel rate is 6 
inches/minute. Three measurements are taken across the web and averaged. 

Shrinkage The sample in the machine direction is marked Lj (Lj = 9.99cm) apart, and then suspended in a 

convection oven set at 90''C for one hour. After taking out of the oven, the sample is then meas- 
ured the distance, Lf, between the marks. The shrinkage is calculated as fol- 
lows: (%) Shrinkage = (Lj - L^) X 100/L^ . 

Example 1 

[0027] The polyethylene precursor was extruded from Fina HDPE 7208 resin with a 40-mil die gap set-up to form a 
0.22 mil (about 5.5 microns) thick film. The polypropylene precursor was extruded from Fina PP3271 resin with a 40- 
mil die gap set-up to form a 0.24 mil (about 6.0 microns) thick film. The penta-layer precursor was formed as shown in 
Figure 2. 

[0028] The bonding and annealing of the precursor was accomplished as follows: the precursor was strung-up with 
the oven configured as in Figure 3; the oven 40 has 4 zones. The nip rollers 50 are located in zone 2. Zones 2 was set 
at a temperature of 128**C or 130°C. Zone 3 and 4 were set at a temperature of 1 10°C. The line speed was 40 ft/min. 
The pentalayer precursor was then stretched under various conditions to yield the penta-layer separator. The results 
are set forth in Table 1 . 



TABLE 1 



Trial # 


Gurley± range, 
sec 


Thickness ±a, 
mil 


Shrinkage % 


Puncture 
Strength, ±a, gf 


Base Weight, 
mg/cnn^ 


Roll Length, ft 


1 


43.4+4.3 


1.05+0.04 


1.3 




1.61 


700 


2 


39.4+6.5 


1.02+0.03 


1.3 


516+44 


1-59 


700 


3 


40.3+1.8 


1.05+0.02 


1.3 




1.57 


700 


4 


41.2+7.7 


1.00+0.04 


1.3 




1.57 


700 


5 


34.1+5.4 


1.03+0.03 


1.2 




1.55 


700 


6 


33.0+4.2 


1.01+0.04 


1.3 




1.52 


700 


7 


36.3+7.0 


1.05+0.03 


1.4 




1.54 


700 


8 


35.2+8.4 


1.01+0.02 


1.2 




1.53 


700 


9 


35.1+4.0 


1.04+0.03 


1.5 


527+32 


1.58 


1600 


10 


34,3+3.4 


1.05+0.08 


1.4 




1.60 


1600 


11 


34.0+6.0 


1.02+0.02 


1.5 




1.58 


1600 


12 


36.0+5.0 


1.04+0.03 


1.4 




1.61 


1600 


Where a is standard deviation 



Example 2 

[0029] The polyethylene precursor was extruded from Fina HDPE 7208 resin up to form a 0.38 mil (about 9.5 microns) 
thick film. The polypropylene precursor was extruded from Escorene PP 4292 resin to form a 0.37 mil (about 9.25 
microns) thick film. The penta-layer precursor was formed as shown in Figure 2. 
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[0030] The bonding and annealing of the precursor was accomplished as follows: the precursor was strung-up with 
the oven configured as in Figure 3. The oven 40 of Figure 3 has 4 zones. The nip rollers 50 are located in zone 2. Zones 
2 was set at a temperature of 128**C or 130*>C. Zone 3 and 4 were set at a temperature of 1 lO^C. The line speed was 
40 ft/min. The pentalayer precursor was then stretched under various conditions to yield the penta-layer separator. The 
results are set forth in Table 2. 



TABLE 2 



Trial # 


Gurley ± range, 
sec 


Thickness ±a, 
mil 


Shrinkage % 


Puncture 
strength, ±a, gf 


Base Weight, 
mg/cm^ 


Roll Length, ft 


1 


39.6+9.5 


1.65+0.02 


1.3 




2.35 


700 


2 


44.6+5.9 


1.65+0.02 


1.3 


742+18 


2.33 


700 


3 


38.1+6.2 


1 .66+0.02 


1.3 




2,37 


700 


4 


43.4+6.2 


1-65+0.06 


1.3 




2.32 


700 


5 


34.4+4.2 


1.60+0.04 


0.8 




2.18 


700 


6 


35.5+6.0 


1.59+0.04 


0.8 




2.20 


700 


7 


33.2+2.5 


1 .59+0.03 


0.8 




2.18 


700 


8 


35.4+9.04 


1.61+0.03 


0.8 




2.24 


700 


Where a is standard deviation 





[0031 ] Although the foregoing invention has been described in some detail by way of illustration and example for pur- 
poses of clarity of understanding, it will be obvious that certain changes and modifications may be practiced within the 
scope of the appended claims. 

Claims 

1 . A battery separator comprising: 

five microporous membranes stacked together, wherein the first, third, and fifth membranes are strength lay- 
ers, and second and fourth membranes are shutdown layers. 

2. A battery separator comprising: 

five microporous membranes stacked together, wherein the first, third and fifth membranes are polypropylene 
and the second and fourth membranes are polyethylene. 

3. A battery separator according to Claim 1 or 2 wherein the separator has a thickness of no greater than about 1 mil. 

4. A cross-ply microporous penta-layer battery separator comprising : 

five microporous membranes stacked together, the first, third and fifth membranes being polypropylene and 
the second and fourth membranes being polyethylene, wherein the uniaxial orientation of at least one ply is at 
an angle relative to the uniaxial orientation of at least one other ply 

5. A battery comprising an anode, a cathode, an electrolyte and a separator, the electrolyte being contained in the 
separator, the anode and the cathode sandwiching the separator, so that the electrolyte is in ion communication 
therebetween, and the separator of claims 1 or 2 or 4. 

6. A method for making a penta-layer separator comprising the step of: 

extruding a polyethylene precursor; 
extruding a polypropylene precursor; 

forming a penta-layer precursor wherein the first, third and fifth membranes are polypropylene precursors, and 
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the second and forth membranes are polyethylene precursors; 

simultaneously bonding and annealing the penta-layer precursor to form a bonded and annealed penta-layer 
precursor; 

stretching the bonded and annealed penta-layer precursor; and 
forming thereby the battery separator 

A method for making a penta-layer battery separator comprising: 

forming microporous polypropylene membranes and microporous polyethylene membranes; 
laminating said membranes into a penta-layer precursor wherein the first, third and fifth membranes are poly- 
propylene, and the secord and forth membranes are polyethylene; and 
bonding said penta-layer precursor to form the penta-layer battery separator 

A method of making a penta-layer battery separator comprising: 

co-extruding a penta-layer precursor wherein the first, third and fifth membranes are polypropylene precursors, 
and the second and forth membranes are polyethylene precursors; 

annealing said penta-layer precursor; and forming microporous structure in the annealed penta-layer precur- 
sor 
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